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ABSTRACT

In this paper, the status and the challenges of utilizing MTJ based magnetic sensor for Grid sensing are reviewed. And it is shown
with both modeling and experiment that an optimized MTJ based magnetic sensor can be utilized to monitor Grid current, particularly for each individual transmission line. Unlike the traditional approach, where the sensing element needs to be either integrated
with, in contact with or near the transmission line, this measurement technique can be based on a contactless or a “remote” sensing setup, where the sensor is placed away from the Grid line. From the perspective of sensor, the sensitivity, the signal-to-noise
ratio and the linearity of MTJ based magnetic sensor can all meet the requirement of application. It is demonstrated that an optimized DC measurement, in addition to AC measurement, can also be utilized for applications in the Grid system, such as solar energy
generation.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5129902., s

I. INTRODUCTION

II. MTJ BASED MAGNETIC FIELD SENSING FOR GRID

Magnetic Tunneling Junction (MTJ) based magnetic sensor
has been utilized for a variety of applications, including two of
the most successful applications for data storage: read head in
hard disk drive and storage element for Magnetoresistive randomaccess memory (MRAM).1–4 It is extensively utilized in medical
research, magnetic field sensing and rotational angle sensing.5–8
There are experimental demonstrations where the sensors can
be utilized for electric current measurement, serving as detached
or contactless current sensors.9–12 Due to higher sensitivity as
compared to traditional Hall effect sensing, tunneling magnetoresistance (TMR) is projected to provide more applications over
time despite some potential issues, such as nonlinearity, hysteresis and higher noise level.13 One major goal of the applications
for Grid monitoring is to measure Grid current remotely in real
time.14

Previously, anisotropic magnetoresistance (AMR), giant magnetoresistance (GMR) and TMR based magnetic sensors were utilized to measure the electric current with the wire placed next to the
sensor. Each new generation of technology provides a superior sensitivity to the measured magnetic field. Recent studies shown that
it is possible to measure electric Grid condition remotely, particular
for the Smart Grid.11–14 There are a few different conditions in terms
of Grid application. AC and DC applications are both desired due to
different transmission configurations in the network.
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A. Initial experiment setup and modeling
In our recent work, it has been demonstrated that MTJ based
magnetic sensor, named remote sensing for Grid (RemG), can be
utilized to detect the Grid current in a “remote” setting, i.e. the
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In addition, for a given configuration, the geometrical impact
of the ampere field can be calculated directly before experiment
is conducted.15,16 Since in micro current calculation, the Grid line
placement is fixed in many cases, the geometric factor just needs to
be precalculated once before the fitting starts and stored in the program. This approach can be compared to micromagnetic simulation,
where the most time-consuming part: Demag tensor, is calculated
only once, at the beginning of the program.17
B. High frequency AC measurement

FIG. 1. (A): Top view of RemG sensors build on wafer. (B) Zoom in for each die.
(C) Further zoom in for the sensing elements.

sensor is placed meters away from the Transmission line.14 Typical
properties, such as magnetic transition curve, sensitivity and noise,
of the MTJ sensors were investigated in detail in previous work.13
An MTJ sensor is built and optimized to measure the magnetic field
generated by the Grid line. Fig. 1 shows the top view of the RemG
sensor fabricated on wafer. In this particular application, the size of
the sensor is not as extremely small as those in MRAM and HDD
applications since the variation of ampere field is negligible within
the space occupied by the sensor.
Compared to simulation results, a detailed model needs to be
developed to obtain the value of current based on the field measurement. This is typically a reverse problem to be solved. Due to
complexity of the Grid geometry or topology, different Grid structure may incur different levels of complexity from modeling. Some
studies have shown, particularly for specific conditions, the modeling can be achieved quickly.11 Based on our studies, one can create
microcurrent model once the condition is determined.13 Therefore,
RemG sensor can be utilized to measure Grid conditions with quick
response. In one situation, where the current of a single grid line
is measured, scaling can be used. And in most cases, the ampere
field can be calculated based on a long wire. Thus, both measurement and modeling can be conducted in a very straightforward
manner.14,15
Experiment setup: For experimental demonstration, MTJ chips
with in-plane magnetic anisotropy are bonded to a PCB board and
a long electric wire is placed above the chips and extends parallel
to the plane of the chips, such that the magnetic field generated by
the current in the wire is parallel to the pinning direction13 of the
MTJ. With a proper scaling, an in-house setup can be used to mimic
the field generated by Grid line. For most of the results shown here,
the particular experiment is based on 50:1 ratio scaling. The sensor response is investigated and the measured values are used to
derive the magnetic field generated by the current. Note that for
ampere field from a given wire, the field is proportional to the value
of current. Therefore, with measurement of the ampere field perpendicular to the direction of electric current, one can extract the value
of current directly once the distance from the sensor to the wire is
known.
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As illustrated in earlier study, AC measurement has been
demonstrated, where the periodic change of signal help to obtain
accurate fitted results quickly.14 Previous measurements show this
sensor can be utilized to measure AC waveform from the Grid using
a sampling frequency at around 10 kHz.13 In the event of a lightning strike, an instantaneous shunt event may occur in a couple of
microseconds. Thus, a higher frequency measurement is required in
order to capture such an event.
Figure 2 shows when the change of current is at 10 MHz, the
sampling rate of 200 M points/s can be utilized to extract the error
event. Despite the current waveform changes and fluctuates over
time, RemG sensor can still provide accurate measurement results
that follow the waveform change. Note that with a higher sampling rate, the sensor is able to capture the error event with much
more details, providing additional information to improve Grid
resiliency.
C. DC measurement
Figure 3 shows the DC measurement using RemG sensor, corresponding to a distance of 1.6 meters between the sensor and the
electric wire. The DC current increases by steps with an increment
of 50 A. The dashed lines are modeling results, assuming that the
sensor has a perfect linear response. The percentage numbers referenced here are the differences between the measurement and the
modeling results.
The measurement shows a very good repeatability and indicates
that for this particular case, the sensor response is almost perfectly

FIG. 2. Demonstration of RemG sensor for high frequency AC measurement, the
sensor is placed at 1 meter away from a 200 A wire current.
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FIG. 3. DC measurement using RemG sensor, with step change in wire current vs.
perfect linear response from modeling.

FIG. 4. Measured amplitude, theory and modeling results in voltage vs. distance
from RemG sensor to the center of the wire.

linear, with the maximum deviation being within 2%. In addition,
the sensor will pick up small current waveform change from the current source, including the amplitude change, or under-shoot, before
a step is triggered. These results show that the sensitivity of the
RemG sensor is high and the response is quick. Note that for Grid
application, the typical time scale is microsecond or longer, which is
several orders of magnitude longer than Gyromagnetic precessional
frequency. The detailed measurement shows signs of magnetic noise
due to thermal fluctuation, but it is not a significant issue for this
particular study. For the application in the Grid, particularly for DC
measurement utilized in solar based distributed energy resources
(DER), this is not a concern.

the 10% difference due to geometrical factor has to be corrected in
practice. With the proper model that takes into account the finite
geometry of the Grid setup, the measurement and the modeling are
in excellent agreement with each other.

III. GRID DETECTION METRIC

B. Domain wall motion and hysteresis impact
One of the issues for MTJ based magnetic sensors is the hysteresis behavior in different magnetic layers on both sides of the tunneling barrier. This causes loss of both linearity and repeatability, which
in many situations, limits its potential applications. In some applications, it is really hard to completely eliminate hysteresis behavior in
MTJ based magnetic sensors.18 It is desired to see if such behavior
will impact potential for Grid measurement. For Grid applications,
the estimated field range is typically much less than one milli-tesla.

A. Scaling or decay factor
From DC measurement, one can determine the decay factor to
check against the assumptions utilized in the simulation, particularly
for the grid geometry based pre-factor calculation. Figure 4 shows
the measurement results for the field at 6 different sensor locations
vs. ampere field calculation. To first order, the measured field decays
with distance in an approximately 1/r relation, in agreement with the
calculation, where the wire is assumed to be infinitely long. r is the
distance from the sensor surface to the center of the wire.
A detailed study, as illustrated in the inset A), shows that the
decay of the measured field does not scale with the distance by
assuming an infinite long wire. There is an approximately 10% field
loss when the sensor is placed further away to the wire, as compared to theory. Detailed study in the inset for log-log plot shows the
decay of the field with distance is faster than 1/r relation by approximately 10%. Using micro current model, where the geometric factor
can be taken into account numerically, the scaling with distance can
be corrected. The corrected curves are shown in Fig. 4. Using our
model to account for finite length of the wire that carries the current
in one direction, the corrected curve matches with the experiment
result. Since in most studies, measurement uncertainty is 2% or less,
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FIG. 5. Normalized measured waveform vs. current in wire. No sign of hysteresis
jumps or asymmetry in response function.
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Within this small range, it can be checked for an optimized sensor,
whether hysteresis behavior in magnetic layers will generate error in
the field measurement.
Figure 5 shows the normalized AC waveform from the wire and
the measured results from the sensor response. The time delay of
the response in the detection circuit has been taken into account in
the figure. If hysteresis behavior impacts the measurement and the
accuracy level, a difference between the measured waveform and the
current waveform should be observed. The measured results show
that the sensor response is almost perfectly linear and without any
sign of hysteresis impact to the accuracy level. Moreover, the measurement shows no jumps induced by domain wall motions. To first
order, RemG sensor can be an excellent option to monitor the Grid
current.
IV. CONCLUSION
In this paper, it is demonstrated that MTJ based magnetic sensor can be optimized for Grid monitoring. Based on
the field measurement, the Grid current can be extracted based
on known geometry in real time. And the measurement can be
done in not only AC configuration but also DC configuration.
As compared to current technologies in the field,19,20 our technology can meet the desired accuracy level and provide useful information in a remote setting. Despite several concerns
due to magnetic hysteresis and nonlinearity associated with MTJ
and thin film magnetics, it is possible to use RemG technology
to measure the Grid for a given situation with correct modeling approach. This technology extends the scope of spintronic
applications of MTJ and may provide opportunities for another
industry.
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